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This paper discusses biotic interactions in agroecosystems and how they may be manipulated to
support crop productivity and environmental health by provision of ecosystem services such as weed,
pest and disease management, nutrient cycling and biodiversity conservation. Important elements for
understanding biotic interactions include consideration of the effects of diversity, species
composition and food web structure on ecosystem processes; the impacts of timing, frequency and
intensity of disturbance; and the importance of multitrophic interactions. All of these elements need
to be considered at multiple scales that depend in part on the range of the movement of the organisms
involved. These issues are first discussed in general, followed by an examination of the application of
these concepts in agricultural management. The potential for a greater use of ecological management
approaches is high; however, owing to the nature of complex interactions in ecosystems, there is some
inherent unpredictability about responses to management interventions under different conditions.
Such uncertainty needs to be accommodated in the development of recommendations for farm
management. This requires an increased emphasis on the effective synthesis of complex and often
apparently contradictory information and on field-based adaptive research, monitoring and social
learning by farmer/researcher collaborations.
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1. INTRODUCTION
Manipulating biotic interactions to provide desired
services and thus reduce or eliminate the need for
external inputs is fundamental to the practice of
ecologically sound agriculture. The challenge is how
to encourage positive, while reducing negative,
interactions. Here, I focus on how knowledge of biotic
interactions can be used in the design and management
of sustainable farming systems. For a farming system to
be sustainable in human and ecological terms, it needs
to sustain an acceptable level of production and the
resource based upon which productivity depends;
maintain environmental and human health and;
provide desirable rural livelihoods and an accessible
food and fibre supply for society. Embedded in these
goals is the recognition that a sustainable system has to
meet broadly held societal values and needs, which
requires placing our efforts to achieve ecological
sustainability firmly in the socioeconomic, political
and cultural contexts of agro-food systems. However,
the primary scope of this paper is the biotic dimensions
of agroecosystems and for brevity I will only focus on
crop-based agriculture. The paper is not intended to be
a comprehensive review, but rather an illustration of the
debates, progress and limitations of our ability to
understand and manipulate the myriad of biotic
interactions found in agricultural systems. Finally, I
argue that the complex nature of ecological interactions
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requires an increased emphasis on synthesis and
bidirectional information exchange between academic
institution-based research and place-based adaptive
research done in partnership with farmers and
communities.
2. A WORD ABOUT TERMINOLOGY
Throughout the paper, I avoid using the terms
‘conventional’ and ‘sustainable’ as though they are
opposites. This terminology was useful in the past for
identifying ideas that challenged the existing research
paradigm, with its focus on maximizing yield by
compensating for limiting resources with additions of
external inputs; and argued instead for a more holistic
view of agriculture as managed ecosystems. At this
point, however, maintaining a simple dichotomy
contradicts the spectrum of farming systems currently
practised, and can contribute to polarization of
attitudes and reduce openness to new ideas. Farming
systems vary along many dimensions (fertilizer, pesti-
cide and energy use, organic matter inputs, complexity,
biodiversity, etc.); making it difficult to know what
constitutes conventional agriculture or to imply there is
a simple way to identify sustainable systems. Indeed the
sustainable agriculture literature has been criticized for
contrasting ecological practices against an extreme
negative caricature of what is called conventional,
rather than against more representative management
practices (Trewavas 2004). This criticism can also be
raised about how organic and alternative agriculture is
often portrayed in various media. Regardless, it points
This journal is q 2007 The Royal Society
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to the problem of what we mean by conventional, and
equally what we mean by sustainable? Seeking
clarification of what constitutes sustainable agriculture
and how this can be evaluated is an important, evolving
and necessary debate, but it falls beyond the scope of
this paper. Here the term conventional will be used
only in the context of specific studies where it refers to
treatments that represent how a particular system is
typically managed, and sustainable refers to manage-
ment approaches thought to move the system towards
the goals outlined in §1.
3. WHAT DOES ECOLOGICAL KNOWLEDGE
HAVE TO OFFER FOR MANAGEMENT OF
AGRICULTURAL SYSTEMS?
Can ecology provide insights into issues facing
contemporary agriculture such as pollution, land
degradation and loss of biodiversity? Weiner argues
that current problems with agriculture relate to higher
levels of organization, the domain of ecology, and that
an emphasis on applied ecology or ecological engin-
eering is needed (Weiner 2003). This call is echoed by
Ormerod and colleagues who discuss the need for
better ways of communicating ecological ideas and to
more effectively integrate ecologists into agricultural
research and extension (Ormerod et al. 2003). Greater
reliance on manipulation of biotic interactions, as
opposed to their replacement with inputs of energy
and agrochemicals, increases agroecosystem complex-
ity. Further, because biotic interactions are sensitive to
changes in the physical and chemical environment, site-
and season- specific characteristics such as microcli-
mate, soil type and management history will impact the
ways biota interact. The discipline of ecology con-
stantly grapples with such complexity, but has been
criticized for failing to produce unifying principles that
can be broadly applied. However, ecosystems are
middle number systems making their behaviour
inherently less predictable than large number systems
(the realm of physics) or small number systems where
only a limited number of interactions can occur
(O’Neill et al. 1986). In designing more ecologically
based agricultural systems, dealing with complexity
and uncertainty are inevitable challenges.

Ecological concepts emerging from the study of
natural systems provide insights into how biotic
interactions may determine agroecosystem function.
Ecosystem function is the combination of ecosystem
properties, services and goods (Hooper et al. 2005).
Ecosystem properties include the sizes of compartments
of materials and the fluxes of materials and energy
among compartments. Particular levels or rates of
ecosystem properties are not inherently ‘good’ or ‘bad’,
in contrast to ecosystem goods and services to which
humans attach great value. Ecosystem goods are
ecosystem properties that have direct market value,
such as production of food, fibre etc., whereas ecosystem
services are those properties that directly or indirectly
benefit human endeavours, such as regulating climate,
cleansing air and water, pollination, storing and cycling
nutrients. When considering agricultural sustainability,
we focus on the provision of goods and services, and
much of the debate and contention about what
Phil. Trans. R. Soc. B (2008)
constitutes a sustainable system boils down to which
goods or services should be given the greatest priority.
4. THE DIVERSITY ISSUE
The idea that more diverse ecosystems sustain greater
productivity and stability in ecosystem functions is an
intuitively appealing idea. It seems logical that if more
than one species can perform the same function, then
overall ecosystem functions will be less vulnerable to
changes in the populations of a particular species due to
environmental stress or pest attack (the insurance
hypothesis). Similarly if farmers only produce a single
type of crop, they would be more vulnerable to a disease
outbreak, drop in prices or bad weather than if they had
a number of crops with different susceptibilities to pests
and weather conditions. Indeed diverse cropping
systems are typical of many traditional agricultural
systems found around the world, particularly in risk-
prone environments (Abate et al. 2000). It is also in
these regions, primarily in the developing world, where
the greatest emphasis on improving diverse production
systems through intercropping and agroforestry is
found. Economic modelling studies also support the
notion that under uncertain conditions, crop diversity
is a mechanism for risk reduction, although this benefit
is lost if agricultural policies compensate for inherent
system risk by providing crop insurance or other
financial support mechanisms (Wossink & Rossing
1998; Di Falco & Perrings 2005; Tilman et al. 2005).

Conway has argued that agroecosystem diversifica-
tion should be a top priority in agricultural develop-
ment owing to greater stability and less risk to resource
poor farmers (Conway 1998), but others have
challenged Conway’s assumptions and argue that a
focus on diversification in agricultural systems is not
warranted (Wood 1998). It is clear that there are trade-
offs with more diverse agricultural systems, and that the
kind of diversity matters greatly (see below), but the
question is how to design diverse systems that can meet
multiple goals in an acceptable way. For example, in the
humid tropics the inclusion of perennial tree and shrub
species in cropland have important benefits, such as
reduced erosion and more efficient nutrient cycling;
benefits that are key for reversing problems of land
degradation. The trade-off is that increased shading
and microclimate changes may negatively impact the
productivity of important annual crop species (Rao
et al. 1997; Kho 2000).

On closer inspection, questions emerge about the
relationships between diversity, stability and ecosystem
functions: how much diversity is needed; does diversity
always increase stability; is there a point at which
further increases in diversity have no effect and is
species richness most important or is it species
composition? Ecologists are engaged in a lively debate
over these issues; however, areas of general agreement
are summarized in a recent review (Hooper et al.
2005). The main points of agreement can be sum-
marized as follows: (i) increased diversity can lead to
greater community stability, due in part to fluctuations
of individual species’ populations within the commu-
nity; (ii) it is difficult to unequivocally demonstrate
complementarity (positive effects of diversity such as



Biotic interactions in agroecosystems C. Shennan 719
increased productivity or stability due to niche
separation and compensatory responses by different
species); (iii) in small number systems and over short-
time frames the sampling effect (species composition)
is more important than species richness; (iv) factors
other than diversity can be important for stability, such
as facultative interactions; (v) as spatial and temporal
scales increase, more biotic diversity is needed to
sustain ecosystem functions; and (vi) little theoretical
or empirical work has considered multiple trophic level
interactions, but initial findings suggest that in multi-
trophic systems effects of diversity will be variable
(Hooper et al. 2005).

These findings illuminate why species richness is
often less important for agroecosystem function than
the presence of a small subset of species. The primary
concern in agriculture is the productivity of a few
species, not the stability of the entire community.
Further intensively managed agricultural systems are
species poor relative to natural habitat, and can be
considered as small number systems where sampling
effects (species composition) typically dominate. Farm-
ing systems also experience frequent disturbance
(tillage, harvest, crop rotation and pesticide use) and
hence diversity effects are limited to short-time frames,
again a circumstance when specific species effects tend
to dominate. Some also question whether complemen-
tarity effects are important in fertile conditions as found
in many agricultural systems. Loomis and Connor argue
that resource capture in a well-managed corn mono-
culture is as effective as for any intercrop (Loomis &
Connor 1992), given the high leaf area index and root
densities that can be achieved in corn monocrops when
provided with adequate fertility and water availability.

In managing diversity in agriculture, species
selection is pivotal, and deliberate efforts are needed
to encourage beneficial interactions and minimize
undesired interactions. For intercropping systems,
species are usually chosen owing to known niche
separation (such as different rooting patterns, canopy
types, phenology, etc.) or facultative interactions
such as with the introduction of a legume. Well-
designed intercrops can increase overall productivity
(Mead et al. 1986; Vandermeer 1989) and potentially
reduce risk to farmers (see §10). Even a small
increase in diversity can have a large impact on
system function owing to the specific properties of
the introduced species. A remarkable example of this
emerged in a regional-scale field experiment with rice
production in China. Here simply interplanting two
varieties of rice, rather than planting them in separate
fields, led to a dramatic reduction in pest problems
and pesticide use (Zhu et al. 2000). The effect was
thought to be due to changes in canopy structure and
microclimate with the new arrangement. Similarly,
the addition of one or two species to fulfil particular
functions, such as trees or shrubs for slope stabil-
ization or a cover crop for erosion control, can affect
the ability of a system to resist a major stress as in the
case of Hurricane Mitch (Holt-Gimenez 2002).
Further, there are numerous studies showing that
increased vegetational diversity enhances biological
pest control (Andow 1991a,b), but counter examples
also exist where pests or disease levels increase due to
Phil. Trans. R. Soc. B (2008)
the provision of highly palatable species or changes in

canopy microclimate (Brown & Ewel 1987; Andow
1991a,b; Prieur-Richard et al. 2002).

While species composition is very important, it is
premature to suggest that species richness may not play

a role in agroecosystem function and stability. As scale
increases so does the relative importance of species

richness because greater numbers of species are needed
for the maintenance of ecosystem functions (Hooper

et al. 2005). Loss of diversity in agricultural landscapes
has been linked to the disruption of ecological

functions such as pest management (Settle et al.
1996; Wilby & Thomas 2002; Shennan et al. 2004;

Tscharntke et al. 2005), pollination services, resistance

to plant invasion (Tscharntke et al. 2005) and
increased non-point source pollution by runoff,

sediment loss and leaching of nutrients and pesticides
into groundwater (Boody et al. 2005; Lovell & Sullivan

2006). Another circumstance where species richness
may be important is in low disturbance agroecosystems

such as orchards, perennial pastures, agroforestry and
reduced tillage systems. Here the effects of diversity

develop over many years, and species richness is
expected to become more important (Hooper et al.
2005). Such agroecosystems provide interesting, but
understudied, experimental opportunities to test this

hypothesis.
Finally, most information on diversity effects have

come from studies of a single trophic level, notably
plants (Thebault & Loreau 2006), yet the limited

information available suggest that the effects of
diversity in multi-trophic systems are likely to be highly

variable and difficult to predict (Hooper et al. 2005).
This appears to be the case where natural enemy

diversity has been experimentally manipulated. Resul-

tant effects on herbivores and plants differed depending
upon the study (Cardinale et al. 2003; Lang 2003;

Finke & Denno 2005; Snyder et al. 2006; Straub &
Snyder 2006). Studies with small numbers of natural

enemies found that predator–predator facilitation can
increase pest suppression (Cardinale et al. 2003), or

alternatively that predator interference either reduced
overall pest suppression (Hodge 1999; Snyder & Ives

2001; Prasad & Snyder 2004) or was present but did
not affect pest suppression (Lang 2003). Most studies

involved the addition or removal of a single generalist
predator, but a few studies have looked at the impacts

of greater diversity among predators. Species compo-
sition was more important than species richness in two

studies (Finke & Denno 2005; Straub & Snyder 2006),
whereas a positive effect of species richness on pest

suppression was found in another (Snyder et al. 2006).
Also, the lack of a relationship found between

parasitoid diversity and the levels of herbivore parasit-

ism may be because parasitoids are all part of the same
functional group, limiting complementarity effects, and

that parasitoids are largely under bottom-up control
(Rodriguez & Hawkins 2000). In contrast, another

study showed that differences in food web structure and
the richness of herbivores in 19 plant–herbivore–

parasitoid food webs did affect parasitism rates on
hosts, with the parasitoids functioning better in simple

food webs than in complex ones (Montoya et al. 2003).
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Not only have multitrophic interactions not been
factored into most diversity studies, but what are small
number systems in terms of plant diversity may be large
number systems at other trophic levels. Simple rice
monocultures can support large numbers of arthropods
(765 species in Javanese rice fields (Settle et al. 1996)
that are important for biocontrol. When spatial and
temporal habitat heterogeneity (hence arthropod
diversity) is maintained by asynchronous planting and
flooding, key pest populations are kept in check by
natural enemy populations sustained during the
absence of rice pests by the consumption of alternate
food sources from detrital food webs in nearby flooded
areas (Settle et al. 1996).

Vegetationally simple cropping systems also become
large number systems when soil food webs are
considered. Recent data from the soil biodiversity
programme in the UK found O100 species of bacteria,
350 species of protozoa, 140 species of nematodes and
24 distinct types of arbuscular mycorrhizae in an
unremarkable agricultural soil (Fitter et al. 2005).
Below-ground biodiversity is thought to be higher than
above-ground (Susilo et al. 2004), although there is
debate about appropriate measures of diversity in soil
micro-organisms. Only a limited amount of work has
examined the role of diversity in maintaining soil
functions, but we know that management measures
such as tillage, pesticide use, crop type and fertility
inputs all affect below-ground biotic communities, and
that management impacts on specific organisms can
affect ecosystem functions (see §13 for examples). The
role of diversity per se, however, is unclear. In
experiments that removed key taxonomic groups, little
change in the rates of soil respiration or above-ground
productivity were found (Liiri et al. 2002), perhaps
because the relatively low degree of specialization
among detritivores implies considerable redundancy
among this functional group (Bradford et al. 2002).
Others caution that it may take exposure to multiple
types of stresses before there is sufficient loss of
buffering capacity due to redundancy within functional
groups for changes in ecosystem properties to become
apparent (Griffiths et al. 2000). van Bruggen and
Semenov argue that soil microbial communities are an
excellent model system for experimental testing of
relationships between diversity, stability and ecosystem
functions such as disease suppression or nutrient
cycling (van Bruggen & Semenov 2000). Given the
rapid turnover rates of soil microbes, effects of diversity
can be detected over weeks or months, rather than
years. Other works emphasize the need to look beyond
diversity per se to consider community structure and
seasonal population dynamics. For example, soil food
web studies suggest that the shape of the food web
pyramid is a better indicator of stability than diversity
per se or food chain length (Susilo et al. 2004).
5. ISSUES OF SCALE
From the preceding discussion, it is apparent that
considerations of spatial and temporal scale are
important in understanding how ecosystem functions
Phil. Trans. R. Soc. B (2008)
(O’Neill et al. 1986). These concepts have been applied
to land management (King 1992), plant disease
suppression (van Bruggen & Semenov 2000) and
ecological approaches to pest management (Shennan
et al. 2004). However, efforts to scale from small to
larger scales, or vice versa, have had limited success in
soil science due either to a key process being over-
looked or the interaction of multiple factors creating
idiosyncratic behaviour (Wagenet 1998; Shirmoham-
madi et al. 2005).

The importance of scale is illustrated in the context
of pest management, where a great deal of research has
been done. Spatial scale is particularly important in
pest management because landscape features affect
species interactions, microclimates and weather pat-
terns and can have notable effects on pests by changing
habitat patterns and immigration rates (Colunga-G
et al. 1998). Initially attempts were made to apply the
theory of island biogeography (MacArthur & Wilson
1963, 1967) to agricultural settings (Reeves et al.
2005). By treating crop fields as islands, the theory
predicts that the number of species inhabiting a field is
the result of immigration and extinction rates, leading
over time to equilibrium in species richness. Larger
islands should support more species and have lower
extinction rates than smaller islands; and islands closer
to the sources of colonists have higher immigration
rates and hence a greater number of species than
islands far from the sources of colonists. The theory
implies a need to reduce island size and increase the
distance from source pools for agricultural pests, while
simultaneously increasing the island size and decreas-
ing the distance from colonizer sources for natural
enemies. This can be achieved by manipulating
patterns of vegetation diversity in the field, farm and
landscape. Island biogeography theory may be useful as
a general guideline for ecological pest management, but
the theory fails to take into account behavioural
differences among colonizing species and species–
trophic structure relationships (Letourneau 1998).

In managed landscapes, fields and non-agricultural
areas form a structural mosaic of habitats with insects
and other mobile organisms moving between them.
The development of multitrophic arthropod commu-
nities depends on spatial processes (dispersal and
foraging) that occur at larger scales than the farm, as
well as temporal processes such as overwintering and
reproduction. Habitat fragmentation caused by farm-
ing or urban development can disrupt both types of
process and isolate small natural enemy popula-
tions from one another, increasing local extinctions
(Kalkhoven 1993). Disturbance also takes place at
multiple spatial and temporal scales, depending on the
specific cropping systems and site characteristics that
determine tillage regimes, resources for natural ene-
mies and levels of chemical intervention (Landis &
Menalled 1998). Thus farming practices and the
quality and connectivity of habitat patches in the
landscape will impact the maintenance of diverse
communities of arthropods and other organisms. In a
large study of arthropod biodiversity across Europe,
Schweiger et al. found that land-use intensity explained
most of the variability in species data, whereas
landscape characteristics (especially connectivity)
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accounted for most of the variability in body size and
trophic guilds (Schweiger et al. 2005). They rec-
ommend that management efforts to enhance diversity
in agricultural landscapes should focus on reducing
land-use intensity and enhancing habitat connectivity.
A similar conclusion was reached in other studies
targeting different organisms (Purtauf et al. 2005;
Roschewitz et al. 2005a,b; Schmidt et al. 2005;
Tscharntke et al. 2005).
6. THE EFFECTS OF DISTURBANCE
The degree of disturbance varies greatly among
agroecosystems in terms of frequency, intensity and
types of disturbance. Dominant disturbances are tillage
operations, application of pesticides and herbicides and
crop harvest. Vegetable production systems, in particu-
lar, are highly disturbed due to frequent tillage, short
crop cycles often with multiple crops per year, and
typically higher pesticide and fertilizer use. Many high-
value vegetable crops are small seeded and require a
well-tilled homogeneous seed bed to ensure good soil
contact for germination and seedling establishment;
subsequent tillage is also needed to reduce weed
competition, since many are also poor competitors.

Disturbance through tillage disrupts complex
trophic food webs above and below ground and
increases the vulnerability of the ecosystem. Intensive
tillage exposes bare soil to erosive forces, and also
disrupts soil structure reducing microsite diversity
reduced along with the structural and functional
diversity of their associated microbial communities
(Welbaum et al. 2004). The disruption of complex food
webs in soils can contribute to reduced disease
suppressive ability, loss of arbuscular mycorrhizal
associations and reduced efficiency of microbially
mediated processes such as nutrient recycling,
degradation of toxic residues, maintenance of soil
structure and aggregation (Hedlund et al. 2004;
Welbaum et al. 2004; Garbeva et al. 2006). The
bacterial organic matter decomposition pathway is
more resistant to disturbance than the fungal pathway
and becomes more dominant in highly disturbed
systems (Hedlund et al. 2004). The effects of
disturbance are illustrated by a study that followed
the bacterial and fungal communities during the course
of one year in a wheat field (Girvan et al. 2004).
Populations were stable during later stages of the crop
growth period, but the fungal community in particular
fluctuated widely following harvesting and plowing.
Fertilization increased microbial biomass and changed
both the active bacterial and fungal community
structures, whereas pesticide application had no effect
on active bacterial numbers or heterogeneity, but had a
major impact on community structure.

Reduced tillage systems help avoid many of the
problems associated with frequent physical disturbance
such as soil erosion and disruption of soil food webs and
also reduce fuel usage. However, higher amounts of
herbicide are typically used for weed control raising
serious concerns about groundwater contamination and
the evolution of herbicide tolerant weeds (Murphy &
Lemerle 2006). In recent years, the loss of ecosystem
services such as nutrient retention, pollination and
Phil. Trans. R. Soc. B (2008)
biological control in intensively tilled agricultural land-
scapes has resulted in efforts to reintroduce diversity
and areas of undisturbed habitat. Examples include
planting of hedgerows and windbreaks, restoration of
wetland and riparian areas, vegetated buffer strips and
use of in-field insectary plantings (Shennan et al. 2004;
Lovell & Sullivan 2006).

Shifting cultivation is a common form of agriculture
practised throughout the tropics and subtropics. In its
traditional form, small patches of forest vegetation were
cut down and burned to provide nutrients for a period
of crop production before the land was abandoned and
allowed to regenerate. Here disturbance is used to shift
mature forest into an early successional state, enabling
fast-growing annual crops to grow. The regeneration of
forest during the fallow subsidizes the cropping phase
by providing nutrients for crop growth. With increasing
population pressure, the trend has been to shorten the
fallow period and increase the time land is in crop
production. Further, secondary forest fallows are being
replaced by managed fallows that can also provide food
or income (Sanchez 1995; Drechsel et al. 1996; Tian
et al. 2005). The general belief is that increasing the
frequency of disturbance through shorter fallows
reduces the long-term sustainability of the system by
decreasing biomass accumulation during forest regen-
eration and thus reducing nutrient availability for the
subsequent cropping cycle (Bruun et al. 2006), or by
allowing insufficient time for invasive weeds to be
shaded out by the forest canopy. Upland rice yields
were positively correlated with the length of fallow,
possibly due to reduced availability of N and P in sites
where fallow lengths were reduced; however, there was
no evidence of long-term degradation of soil organic
carbon as a result of decreasing fallow periods (Bruun
et al. 2006). In addition, increasing the size of cleared
areas relative to regenerating fallows reduces seed
sources of colonizing species and exposes more of the
landscape to problems such as soil erosion and invasive
weed establishment. In a Brazilian study, the effects of
long and short fallow periods on the spatial and
temporal dynamics of forest patches and cropland
were characterized (Metzger 2003). Shorter fallow
cycles (2–4 years as compared with more than 10 years)
failed to produce a sustainable equilibrium of land-
scape types, and under this management the amount of
secondary forest cover was steadily declining. However,
others have cautioned against an oversimplification of
the relationship between length of fallow and sustain-
ability (Mertz 2002; Obale-Ebanga et al. 2003).
7. UNDERSTANDING MULTITROPHIC
INTERACTIONS
Trophic interactions are a key element of community
dynamics in agroecosystems. Interactions occur not
only between adjacent tropic levels, such as crop and
herbivore, but also as indirect effects across multiple
trophic levels. For example, effects of predation can
extend to lower trophic levels—a phenomenon referred
to as a trophic cascade. Effects of top predators on
lower trophic levels have been demonstrated in aquatic
(Paine 1974; Power 1990) and terrestrial systems
(Letourneau & Dyer 1997; Dyer & Letourneau 2003;
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Wardle et al. 2005). In fact, enhancing natural enemy
populations to reduce crop pests, resulting in a positive
‘top-down’ effect on crop productivity, is a funda-
mental tenet of biological control (Letourneau 1998).
Interactions can also work in the other direction,
referred to as bottom-up effects. For example, the
chemical composition of plant tissue can affect the
behaviour of natural enemies directly through chemical
cues for finding prey or indirectly through the effects on
herbivore populations (Kagata & Ohgushi 2006).
While there is increased recognition of the importance
of both top-down and bottom-up processes, a con-
ceptual synthesis is lacking due to a paucity of
experimental data, failure to utilize pre-existing data-
sets and a tendency to emphasize one process over the
other (Walker & Jones 2001).

Studies have also shown that foliar herbivory can
have consequences for the functioning of soil food webs
(Wardle 2006). In constructed grassland communities,
aphid species treatments did not affect total plant
biomass or productivity, but did impact the relative
abundance of the three plant species, which in turn
affected the abundances of secondary consumers in the
soil food web (bacterial and fungal-feeding nematodes,
and enchytraeids) but not primary consumers
(microbes, herbivorous nematodes) or tertiary con-
sumers (predatory nematodes). In this case species
identity of the aphid combinations impacted multiple
trophic levels in soil food webs, but diversity per se had
few effects.

Understanding the interplay of trophic interactions
has major implications for the management of
agricultural systems. Top-down forces will be affected
by pesticide use and the presence and quality of refugia
for natural enemies, whereas changes in plant quality
due to fertility management, choice of crop variety and
the composition and abundance of weed communities
could have bottom-up impacts on herbivores and
natural enemies. We already know that such tritropic
interactions can lead to unexpected effects of tactics
used to control one type of pest (arthropods, nema-
todes, pathogens or weeds) on another type, giving rise
to a call for interdisciplinary approaches to develop
truly integrated pest management strategies that
consider interactions among multiple components of
the pest complex present (Norris & Kogan 2005;
Schroeder et al. 2005; Thomas et al. 2005).
8. WEED MANAGEMENT AND CROP
PRODUCTIVITY
Can manipulation of interactions among weeds, crops
and other biota produce adequate weed suppression to
reduce or eliminate herbicide use? The answer is a
qualified yes. There is widespread agreement that
effective long-term ecological weed management
strategies involve the use of multiple tactics, sometimes
referred to as the ‘many little hammers’ approach
(Barberi 2002; Anderson 2004, 2005; Westerman et al.
2005). In this way, multiple interaction points among
weeds, their microenvironment and other organisms
are targeted to reduce weed biomass production, seed
production and seed survival. In developing weed
management strategies, the following must be taken
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into account: (i) not only do crops and weeds compete
directly for resources (light, water and nutrients), but
indirect effects mediated through changes in pest or
disease dynamics can also be important (Norris 2005;
Norris & Kogan 2005); (ii) the presence of weed
seedbanks in the soil requires long-term management
strategies to reduce both the annual input of new seeds
and pre-existing seedbank numbers by increased seed
predation or loss of viability and (iii) if selection
pressures are sufficiently strong over extended periods
of time, weed populations can evolve into more
competitive populations better adapted to agricultural
field conditions than populations from non-agricultural
areas (Weinig 2005). The strongest selection pressure
acting upon weed populations in recent years is
herbicide use, and not surprisingly herbicide-resistant
weeds now pose major challenges for growers,
especially in reduced or no-till systems (D’Emden &
Llewellyn 2006; Murphy & Lemerle 2006).

A holistic approach to weed management should
include both short- and long-term strategies. Tactics
fall into two main categories: those that reduce weed
growth and fecundity during the growth cycle and
those that reduce weed seed survival. Examples of the
first group include the use of competitive crop varieties,
manipulating crop seeding density and spatial arrange-
ment, tillage, intercropping, use of allelopathic residues
and suppressive mulches, and targeted use of biocon-
trol agents. The second group includes various soil
management techniques (e.g. reduced tillage, residue
management and organic matter inputs) and the use of
weed-suppressive crop rotations that reduce seed
survival due to enhanced seed predation or infection
by pathogens.
9. INCREASING CROP COMPETITIVENESS
Crop competitiveness can be increased by the use of
weed-suppressive cultivars, manipulation of seeding
density and spatial arrangement, and fertility or water
management. Relatively little work has been done to
breed more competitive crop varieties. It is time
consuming to do large screenings in the presence/
absence of weed competition, but comparative compe-
tition studies done with a wide range of varieties can
help identify easily measurable traits associated with
higher competitive ability and enable indirect screening
for competitiveness, a much less time consuming
option (Gibson et al. 2003). Although there is still
debate, competitive traits include early plant vigour
and canopy development (Barberi 2002; Caton et al.
2003; Bertholdsson 2005), allelopathy (Bertholdsson
2005; Ni & Zhang 2005), the ability to deplete a given
resource and/or plasticity in root and shoot growth to
respond rapidly to temporal and spatial patchiness in
resource availability (Craine 2005; Fargione & Tilman
2006). Early plant vigour is particularly important in
annual crop production. Extensive research has ident-
ified the stage(s) in which crops are most susceptible to
weed competition, the so-called critical weed-free
period, and this is often during the crop establishment
and early growth stages (Knezevic et al. 2002; Seem
et al. 2003).
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There has been some reluctance to pursue the
development of weed-suppressive varieties for fear of a
negative trade-off between resource allocation to
growth traits that confer competitiveness and resource
allocation to seed or fruit production. However,
studies show that this trade-off does not always occur.
For example, rice traits that suppressed watergrass
(Echinochloa oryzoides) were not inversely related to
yields even though some cultivars were able to reduce
watergrass biomass by as much as 40–80% (Gibson
et al. 2003). Competitiveness in this case was related to
early season vigour as measured by height growth rates,
tiller production and specific leaf area (Caton et al.
2003; Gibson et al. 2003). Evaluation of wheat cultivars
for weed-suppressive ability also found some variation,
but competitive ability was strongly affected by
environmental conditions (Lemerle et al. 2001). In a
subsequent study, modification of wheat seeding
density was much more effective at weed suppression
than differences among cultivars (Lemerle et al. 2004).
In another work, selection of rice varieties for their
allelopathic potential is being pursued (Ni & Zhang
2005) and initial results from India suggest there is
potential for improving lentil root systems to increase
nutrient uptake ability in low fertility soils, which may
improve competitiveness against weeds (Gahoonia
et al. 2005, 2006). Furthermore, some weed species
produce fewer and less dormant seeds when grown
among a highly competitive crop; however, seed input
from less competitive areas of the field such as field
margins or areas of poor crop growth could still be
problematic (Nurse & DiTommaso 2005).

The crop–weed competitive balance can also be
affected by nitrogen availability depending upon the
responsiveness of each species to increased N supply
(Liebman & Davis 2000). Highly N-responsive crop
such as maize typically show lower weed pressure with
increased N availability (Evans et al. 2003a,b).
Modifying crop seeding density and/or spatial arrange-
ment can also shift the competitive balance in favour of
the crop. Higher crop densities are needed under weedy
than non-weedy conditions, and planting crops in rows
can be less effective at suppressing weeds than random
or evenly spaced arrangements (Baumann et al. 2001;
Kristensen et al. 2006). Superior weed suppression by
spring wheat was found at high seeding density planted
in a uniform grid, versus conventional row spacing
(Olsen et al. 2005a). Subsequent work showed that the
more easily achieved random spreading of seed was
almost as effective as the uniform grid pattern (Olsen
et al. 2005b). However, changing planting density and
spatial arrangement may have unforeseen conse-
quences. For example, in no-till wheat, powdery
mildew severity is related to nitrogen application,
crop phenological stage, row spacing and seeding
rate. Narrow row spacing restricts early season disease
spread by reducing air movement along the rows,
whereas high seeding rates increase later season disease
severity by increasing canopy density and humidity
(Tompkins et al. 1992). Further, the use of random or
grid patterns eliminates the possibility of mechanical
weed control, which may be critical for some crops;
however, it could be a useful strategy for improving
weed suppression in green manures and cover crops.
Phil. Trans. R. Soc. B (2008)
10. INTERCROPPING AND RESIDUE
MANAGEMENT
Extensive research has focused on the ability of
intercrops (more than one crop growing together) to
demonstrate over yielding, thought to be achieved by
some combination of weed or pest suppression;
increased resource use efficiency due to crop comple-
mentarity (different rooting depths, phenology, etc.); or
facilitation (such as inclusion of a legume; Vandermeer
1989). Unfortunately, most intercrop studies are
limited to the observation of short-term effects, and
we know little about the impacts of long-term use of
intercrops on weed suppression, soil food webs, disease
suppression or other ecosystem processes. A recent
review of 50 research articles found that few studies
focused on issues of stability and sustainability and only
half of the studies with annual species, and two-thirds
of those including a perennial species, lasted for more
than one year (Connolly et al. 2001). Clearly, longer-
term and multi-site investigations are needed to
determine whether intercropping improves system
stability and to identify long-term impacts on the
agroecosystem. A few studies have attempted to
address stability and risk (Thiaw et al. 1993) and
(Dapaah et al. 2003), and others have proposed
methods and designs for assessing risk (Mead et al.
1986; Trenbath 1999; Connolly et al. 2001).

The challenge when designing intercrop systems is
how to optimize the system (in terms of productivity,
economics, risk, etc.) given the many possible permu-
tations and combinations of seeding rates, spacing,
timing of planting, fertility management, etc. for each
crop. The most common designs are additive or
replacement series, although response model designs
are increasingly used (Baumann et al. 2001; Connolly
et al. 2001). With the development of ecophysiological
models for many crops, both mechanistic and descrip-
tive models are being used to optimize intercrops for
yield and crop quality (Baumann et al. 2002b). It is not
always clear, however, exactly what intercrops are being
compared against and why. Are both intercrops and
comparison monocrops managed in the same way, or is
each system optimized in terms of planting density,
fertility management, etc.? The appropriate choice
depends upon whether the goal is to understand
mechanisms underlying intercrop performance or to
evaluate intercrops as practical alternatives to mono-
cultures. In the first case, it is important to minimize
confounding factors, and ideally both intercrop and
monocrops should be compared across a range of
conditions (the response model approach), whereas in
the latter case it is critical to compare intercrops against
the best managed monocrops for a specific situation.

Intercrop systems are varied; multiple crops can be
planted at the same time, or staggered (relay inter-
cropping); crops can also be mixed in random or
structured arrangements (e.g. rows, strips, contour
plantings). Increased weed suppression is a goal for
many intercrop systems to reduce the need for costly
herbicides or labour. For example, a study of chickpea
and wheat intercrops in India found significant weed
suppression as compared with the monocrops, and this
resulted in higher net income and more efficient
resource use in the intercrop system despite the need
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for some hand weeding (Banik et al. 2006). In a barley–
pea intercrop study, the weed community in the
intercrop was similar, but more stable than in the
barley monoculture and than the pea monocrop that
was less suppressive and had highly variable weed
communities (Poggio 2005). Work with vegetable
intercrops has demonstrated increased weed suppres-
sion, but maintaining crop quality (often related to
size) is also critical (Baumann et al. 2001, 2002a). The
use of strips of rye–vetch cover crops when growing
pumpkins also shows promise, provided the cover crops
are planted after the pumpkin to reduce early
competition and at sufficiently high seeding densities
to suppress weeds (Vanek et al. 2005). In contrast,
interseeded hairy vetch cover in cabbage production
did not improve weed suppression or affect yield
(Brainard et al. 2004). Others have found benefits of
intercrops for weed suppression alone or in com-
bination with reduced herbicide use (Szumigalski &
Van Acker 2005).
11. USE OF WEED-SUPPRESSIVE MULCHES AND
ALLELOPATHY
Residue mulches can control weeds by reducing light
transmission as found in cherry orchards where a
suppressive mulch layer was shown to inhibit weed
growth and increase yields by 20% over conventional
herbicide tree row management (Landis et al. 2002).
Clover planted into winter wheat and subsequently
killed also effectively controls common ragweed (Snapp
et al. 2005). Rather than using crop residue as mulches,
there is also the potential to select species that can be
used as ‘living mulches’ (Hartwig & Ammon 2002),
but it can be difficult to kill or remove the living mulch
at the right time to prevent competition with the crop.
However, the use of legumes, particularly velvetleaf
(Mucuna deeringiana (Bort) Merr) as a living mulch in
corn fields in Mexico, proved to be very effective at
weed suppression and increased corn yields (Caamal-
Maldonado et al. 2001).

In addition to light reduction, suppression of weeds
can also be enhanced by using residues from plants
with allelopathic properties. Allelopathy is defined as
‘the effect(s) of one plant (including micro-organisms)
on another plant(s) through the release of a chemical
compound(s) into the environment’ (see review by
Bhowmik & Inderjit (2003)). The hope is to use
allelopathy to achieve good weed suppression without
stunting crop growth. While the use of allelopathic
residues as surface mulch is most common, the options
of breeding allelopathic crops, extracting allelopathic
compounds to use as ‘natural herbicides’, or increasing
allelopathic abilities through biotechnology are also
being pursued (Bhowmik & Inderjit 2003). Some
authors believe that the use of allelopathic mulches
cannot eliminate the need for herbicides, but can only
reduce the amount needed (Bhowmik & Inderjit 2003),
whereas others are more optimistic (Khanh et al.
2005). In a study of no-till cotton, the use of black
oat or rye as a cover crop eliminated the need for post-
emergence herbicide but not pre-emergence appli-
cation (Reeves et al. 2005). It is too early to say if
allelopathy combined with other short- and long-term
Phil. Trans. R. Soc. B (2008)
weed suppression tactics can be sufficiently effective to
eliminate herbicide use in the absence of other
incentives, such as organic certification or environ-
mental regulations.
12. INTEGRATED WEED MANAGEMENT
Clearly, there is no single ecological silver bullet to
replace herbicide use, but an increasing numbers of
studies are testing suites of tactics together; including
modified crop rotations, planting arrangements,
residue management and tillage (Menalled et al.
2001; Anderson 2004, 2005; Murphy et al. 2006;
Sosnoskie et al. 2006). In one case, a combination of
crop rotation, crop sequence, no-till, residue manage-
ment and competitive crop canopies has enabled wheat
growers in the Central Great Plains of the USA to
reduce pesticide use by 50% (Anderson 2005). In this
work, researchers used an empirical life cycle
simulation based on demographic knowledge of major
weed species to identify the best rotations and crop
sequences for reducing weed growth and seed pro-
duction (Anderson 2004). Others have shown signi-
ficant reductions in weed seedbanks under different
management systems. For example, over a 6-year
period weed seed density in the soil increased in
conventional and no-till systems, but declined in
reduced input and organic systems (Menalled et al.
2001); however, despite the seedbank declines weeds
were not effectively controlled in the reduced input and
organic systems over a 12-year period (Davis et al.
2005, 2006). Elsewhere after six years reduced tillage
in combination with crop rotation had increased weed
diversity but reduced seed density by 80% (Murphy
et al. 2006).

There are many options for further improvement in
developing weed-suppressive cropping systems,
especially, if more competitive crop varieties become
commercially available, we increase our knowledge of
weed and seedbank ecology and better utilize model-
ling tools such as life cycle simulations, and further
refine cover crop and residue management strategies.
Weed suppression goals need to be linked to the
management of the whole pest complex; to do this will
require stronger collaborations among weed scientists,
entomologists, pathologists, nematologists, plant bree-
ders and soil scientists. Other pests and diseases are
impacted by changes in tillage, crop rotation, fertility,
etc., and weeds themselves can be hosts for crop pests
or provide refugia for natural enemies that can enhance
biological control (Norris & Kogan 2005; Thomas
et al. 2005; Wisler & Norris 2005). Unravelling the
effects of different components of the pest complex will
require innovative research designs and statistical
analysis (Kranz 2005).

This section has focused on how to reduce weed
competition with crops; however, there are also
concerns about losing positive services that weeds can
provide. There is evidence that weeds can be good
hosts of arbuscular mycorrhizal fungi (AMF) that can
play important roles in improving nutrient availability,
suppressing pathogens and perhaps in the biocontrol of
weeds (Vatovec et al. 2005). Others have demonstrated
the role of weeds in sustaining biodiversity. For
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example, in Europe weeds found in stubble after grain
harvest greatly affected the number of birds using the
field, notably linnets (Carduelis cannabina; Moorcroft
et al. 2002), and loss of weeds is thought be one of a
number of causes in the overall decline of birds in
farmland (Marshall et al. 2003). Work in the UK also
revealed that arable weeds support high insect diversity
reinforcing the need to balance weed control and
biodiversity conservation (Marshall et al. 2003).
13. MANAGEMENT OF PLANT DISEASES
The ability of soils to suppress plant diseases is due to a
combination of general suppression (related to overall
microbial biomass and microbial activity) and specific
suppression (effects of individual or select groups of
micro-organisms on a specific pathogen; Weller et al.
2002). General disease suppression is thought to be
caused by increased competition for nutrients,
especially soil carbon, when microbial activity is
increased (Reeleder 2003). In a comparison of organic
and conventional farms, suppression of corky root on
tomato was greater in the organic than the conventional
fields. Enhanced suppression in the organic fields was
related to higher microbial activity and lower soil
nitrate levels, whereas the conventional fields had a
combination of higher soil nitrate levels and lower soil
microbial activity (Drinkwater et al. 1995.). Further,
take-all disease (Gaeumannomyces graminis var. tritici )
was suppressed in organic relative to conventional soils
in wheat and barley production, due to both general
and specific suppression (Hiddink et al. 2005). Others
have examined the role of soil fauna in the general
suppression of fungal pathogens and conclude that
facultative saprophytes may be most affected by
mycelial-grazing soil animals, while obligate parasites
may be more influenced by animals that ingest spores
and other types of propagules (Friberg et al. 2005).

The ability of non-pathogenic strains of a disease
causing fungi and AMF to act as biocontrol agents are
examples of specific suppression. Non-pathogenic
strains of Fusarium oxysporum can reduce the ability
of the pathogenic strain to cause Fusarium wilt due to a
combination of increased competition for resources,
competition for infection sites and the ability of the
non-pathogenic strains to induce plant resistance
(Fravel et al. 2003; Bao et al. 2004). Colonization of
strawberry plant roots by AMF induced resistance (IR)
to Phytopthora fragariae in strawberry, but the effect was
variety specific (Norman et al. 1996). Root necrosis
was reduced 30–60% by AM colonization depending
on the variety, and similar reductions were observed in
a subsequent study (Vigo et al. 2000). The presence of
AM colonization reduced the number of P. fragariae
infection sites, and exudates from AM plants reduced
sporulation of P. fragariae by 70% after 72 hours of
exposure (Norman & Hooker 2000). Tomato plants
colonized by AMF prior to exposure to Phytophthora
nicotianae var. parasitica also experienced less root
damage than un-colonized plants. In this case, the
number of Phytophthora hyphae in the root tissue was
decreased and cell necrosis around infected cells was
reduced by the presence of the AM fungus (Cordier
et al. 1996).
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The best known example of specific suppression is
the decline in take-all of wheat. The disease declines
after years of continuous wheat cropping and is caused
by a build-up of antagonistic fluorescent Pseudomonas
spp. in the wheat root rhizosphere that produce
antibiotic compounds and induce plant resistance
(Weller et al. 2002). Interestingly, selected wheat
cultivars reduced the incidence of root infection of
apple seedlings, again apparently by increasing the
populations of Pseudomonas spp. in the soil (Gu &
Mazzola 2003). However, there are instances when
take-all suppression was not affected by the presence of
Pseudomonas spp. (Hiddink et al. 2005). In addition to
Pseudomonas spp., a number of other soil micro-
organisms produce antibiotic compounds capable of
suppressing a range of pathogenic fungi under labora-
tory conditions, but due to technical limitations it has
only recently been possible to demonstrate the
presence of these antibiotics under field conditions
(Raaijmakers et al. 2002). However, unequivocal
demonstration that the levels and timing of production
of antibiotics are correlated to observed disease
suppression is still lacking.

Since the discovery of the role of rhizobacteria in
take-all decline, an increasing body of literature has
documented the ability of one organism to stimulate
plant defence mechanisms and thus confer resistance to
other pest or disease organisms, referred to as IR.
Research on the physiological and biochemical bases of
IR has resulted in the identification of chemical and
biological elicitors of IR, some of which are now
commercially available for use in agriculture (Mazzola
2004). Recent reviews summarize the current state of
this field (Mazzola 2004; Vallad & Goodman 2004).
The stimulation of IR has the potential to be a
cornerstone of integrated pest and disease manage-
ment, and may be particularly significant for non-
chemical control of foliar diseases, for which few other
options exist.

A variety of plant-associated bacteria have been
found to enhance plant growth and elicit plant defence
mechanisms; many are from the rhizosphere (called
rhizobacteria), others from the phyllosphere (leaf
surface) and from inside tissues of healthy plants
(Kloepper et al. 1999). Some have found that
compatible mixtures of rhizobacteria are more effective
than a single strain (Ramamoorthy et al. 2001;
Jetiyanon & Kloepper 2002; Jetiyanon et al. 2003);
also a mix of antagonistic bacteria as a seed treatment
in combination with foliar biocontrol agents improved
the control of bacterial speck (Pseudomonas syringae pv.
tomato), and bacterial spot of tomato caused by
Xanthomonas campestris pv. vesicatoria and Xanthomonas
vesicatoria (Ji et al. 2006). In theory, it should be
possible to induce resistance to soil-borne and foliar
diseases as well as pathogenic nematodes and arthro-
pod pests and virus vectors (Kloepper et al. 2004).
Specific strains of Bacillus spp. have been found to elicit
IR in 11 different host plants and cause reductions in a
spectrum of diseases (foliar, stem and soil-borne fungal
diseases), viruses, root-knot nematodes as well as
reducing populations of three insect vectors of viral
diseases. Two formulations have been developed for
commercial use, one as a plant growth promoter and
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the other to control diseases of soybean (Kloepper et al.
2004). In another study, Zehnder et al. found that plant
growth promoting rhizobacteria caused IR in cucum-
ber to bacterial wilt (Erwinia traechiphila) by reducing
the production of a compound that stimulated feeding
by the cucumber beetle vectors of bacterial wilt and by
triggering other defence mechanisms once the bacteria
enter the plant (Zehnder et al. 2001).

While formulations of antagonistic bacteria have
been developed for commercial use as biocontrol
agents, there are a number of issues that currently
limit their use. (Note: sales of biocontrol products in
general are only 1% of total agricultural chemical sales
(Fravel 2005).) A major problem is lack of consistent
and predictable control under field situations, as
opposed to simple soil-less potting media where
biocontrol has been more successful. The variable
results in the field could be due to application problems
(physiological state of the bacteria, timing and dosage)
or differences in microclimate, crop genotypes, weed
communities and soil ecology (Fravel 1999, 2005;
Sabaratnam & Traquair 2002). Product registration is a
significant barrier to the commercialization of AM
fungal biocontrol formulations (Whipps 2004), and
costs of growing and formulating mixtures of organisms
may still be too high to make biocontrol economically
attractive currently (Fravel 1999, 2005). Concerns
regarding the potential non-target effects of any
biocontrol agent applied in the field and the paucity of
information available to assess ecological risks of using
specific microbes (and other organisms) as biocontrol
agents are increasingly being raised (Wajnberg et al.
2001). This concern is particularly acute for genetically
engineered bacteria (Timms-Wilson et al. 2004).
Augmenting indigenous antagonists in the soil through
use of organic amendments, intercropping or crop
rotations could be a more ecologically sound alternative
to the introduction of specific antagonists that does not
raise many of the concerns regarding non-target effects
of introduced organisms (Kloepper et al. 1999).

Foliar diseases present a major challenge to the
development of non-chemical management alterna-
tives. IR has the potential to be an important strategy
for the control of foliar pathogens and this is a very
active research area. Another strategy being investi-
gated is increasing competition for nutrients on leaf
surfaces by enhancing saprophytic fungal, bacterial
and/or yeast populations. This approach shows
promise for controlling grey mould, Botrytis cinerea,
on grapes, tomato and potted plants (Farber et al.
2006), but is limited to pathogens that require
nutrients to grow and infect the plant. For other
pathogens that penetrate the leaf rapidly and do not
require nutrients from the leaf surface, enhancing rates
of mycoparasitism could be more effective and this has
been used to successfully control powdery mildew on
grapes in coastal California (Farber et al. 2006). The
bacterial disease fireblight on apple and pear, caused by
Erwinia amylovora, is also controlled by increased
populations of Pseudomonas flourescens on the leaf
surface when applied as a spray or disseminated by
honeybees prior to bloom (Wilson 1977). Finally,
mites present on the leaf surface of woody perennials
feed on fungi and other micro-organisms, and one
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(Orthotydeus lambi ) has been found to suppress the
development of powdery mildew on wild and cultivated
grapes (English-Loeb et al. 1999; Norton et al. 2000).

Compost additions and cover crop residues have
been found to reduce fungal, bacterial and nematode
pathogens in a number of systems, although the effect
can be highly variable depending on the specific
crop/pathogen/amendment combination (Abawi &
Widmer 2000). For example, compost was found to
reduce certain fruit diseases of tomato but not others,
increase foliar disease levels and had differential effects
depending on the tomato cultivar and whether the
plants were grown organically or not (Abassi et al.
2002). Incorporation of pest suppressive crop residues
into soils (biofumigation) has been studied for a
number of years, with particular attention being paid
to species that produce compounds known to inhibit
the growth of other organisms, such as Brassica spp.
that produce glucosinalates, sudan grass and cereal rye
(SAN 1998). Biofumigation with broccoli residue
incorporation suppresses Sclerotinia minor in lettuce
(Hao et al. 2003) and Verticillium wilt in cauliflower
when disease pressure is moderate. One reason for the
variable performance of Brassica spp. reported in a
number of studies may be that under certain conditions
the residue can stimulate saprophytic growth of
Rhizoctonia solani and increase damping off in sub-
sequent crops (Yulianti et al. 2006). However, for
varieties with desirable glucosinilate profiles, consistent
and repeatable suppression of pathogenic nematodes
has been observed (Zasada & Ferris 2004).

Another technique that offers promise is to incor-
porate crop residues and force anaerobic decom-
position to occur by tarping with oxygen
impermeable silage plastic after residue incorporation.
Products of anaerobic decomposition cause high levels
of suppression of a number of plant pathogens and
nematodes across a range of crops, but disappear
rapidly after oxygen returns to the soil and thus do not
reduce crop growth (Blok et al. 2000; Goud et al.
2004). This method is being developed for commercial
use in The Netherlands and Japan.
14. MANAGEMENT OF PLANT PARASITIC
NEMATODES
Many of the approaches for increasing soil suppres-
siveness to plant pathogens can also be used for the
suppression of plant parasitic nematodes. As with soil-
borne diseases, both general and specific types of
suppressiveness to pathogenic nematodes have been
identified (see review Westphal (2005)). For example,
combinations of plant-growth-promoting rhizobac-
teria, organic amendments and phytochemicals can
be incorporated into transplant mixes and suppress
root-knot nematodes in tomato transplants (Kokalis-
Burelle et al. 2002). Nematode community structure is
also known to shift in response to organic matter levels
and quality with diversity increasing with organic
matter inputs (Mikola & Sulkava 2001; Wardle
2006). It appears that shifts can happen over relatively
short time frames; for example, the effects of long-term
crop management on nematodes, other than plant
feeders, disappeared within a year of disruptive soil
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management (Berkelmans et al. 2003). Nonetheless,
crop rotations can be an effective nematode manage-
ment tool through a combination of the inclusion of
non-host crops or varieties, use of nematode-suppres-
sive cover crops and residues, and stimulating changes
in soil communities through organic matter manage-
ment (Caamal-Maldonado et al. 2001; Vargas-Ayala &
Rodriguez-Kabana 2001; Pyrowolakis et al. 2002;
Zasada & Ferris 2004; Snapp et al. 2005; Westphal &
Scott 2005). Similarly, the species composition of
fallows in shifting cultivation and bush-fallow systems
can also be manipulated to suppress key plant parasitic
nematodes (Adediran et al. 2005).
15. ECOLOGICAL MANAGEMENT OF
ARTHROPOD PESTS
Highly visible plant species like trees generally have
chemical defences that become more toxic over time,
reducing leaf digestibility to herbivores (Feeny 1976;
Rhoades & Gates 1976). Conversely, less conspicuous
annual plants rely on escape in space and time as their
main defence (Price 1997). In contemporary agricul-
ture, crop plants are both highly conspicuous and
abundant, and defensive toxins have typically been
removed through breeding for crop quality. In mono-
cultures, increased herbivory could be due to how
concentrated the food source is, making it easier to find
host plants; higher pest tenure time; higher herbivore
feeding and reproductive rates; or changes in crop
quality (Andow 1991b). In addition, the lack of plant
diversity decreases the diversity and abundance of
predator and parasitoid natural enemies of crop pests
(Hooks & Johnson 2003; Landis et al. 2005; Lavandero
et al. 2006). In the widely studied insect communities
of cruciferous crops, research has shown that when
planted as mixtures rather than sole crops, herbivore
responses include reduced colonization, reduced adult
tenure time in the marketable crop, and oviposition
interference (Hooks & Johnson 2003). Further,
making it more difficult for natural enemies to find
their herbivore hosts by using mixture can avoid the
boom/bust cycles in natural enemies seen in mono-
cultures due to local extinctions of hosts by over
predation (Gols et al. 2005).

Plant quality changes due to fertility and water
management also affects herbivory (Awmack &
Leather 2002), as shown for mites in apples (Walde
1995) and leafminers in bean (Kaneshiro & Jones
1996). Yet, despite many studies no clear principles
relating nutrient levels and herbivory have emerged
(Busch & Phelan 1999). In 60% of studies, herbivore
populations increased at higher nitrogen additions, yet
no effect or negative responses were observed in the
other 40%. Recent work suggests that the ratios of
nutrients can have stronger effects on herbivores than
individual nutrient levels (Busch & Phelan 1999;
Beanland et al. 2003).

While planting in mixtures and fertility practices
affect herbivory, the direct manipulation of predator–
prey population and community dynamics is the
cornerstone of biological control of arthropod pests.
Predation and parasitism can be increased by either
artificially releasing natural enemies or pathogens
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(classical biocontrol) or by transforming the agroeco-
system to create favourable conditions for natural
enemies (conservation biocontrol; Dent 1991).
16. CLASSICAL BIOCONTROL
Where exotic pests have colonized a region, classical
biocontrol typically involves importation of a natural
enemy from the area of pest origin. The successes and
failures of biocontrol releases are analysed extensively
in other reviews (King et al. 1985; Jacas et al. 2006; van
Lenteren et al. 2006). Data from 87 studies of
arthropod releases indicate that life-history traits
found to predict success included host specificity,
whether the agent was a predator or parasitoid, and
the number of generations per year. From a more
limited number of studies, possible traits for predicting
non-target effects included sex ratio of progeny and the
documented presence of native natural enemies
(Kimberling 2004). However, there is an increasing
focus on non-target effects of biocontrol agent releases
(van Lenteren et al. 2006). A recent book addresses
non-target effects for the spectrum of biocontrol agents
and spotlights the lamentable paucity of information
collected on non-target effects (Wajnberg et al. 2001).

Where natural enemies are present, augmenting
local populations with mass releases can speed up pest
suppression and provide greater suppression early in
the season. In the USA, augmentative releases are used
on an estimated 19% of fruit and nut acreage, and 3%
of vegetable acreage (Office of Technology Assessment
1995), and predatory mites are released on 50–70% of
California’s strawberry acreage to control the two-
spotted spider mite, Tetranychus urticae (Parella et al.
1992; Hoffman et al. 1998). However, augmentation is
rarely used on anything other than high-value crops
(Collier & Van Steenwyk 2004), probably due to
variable effectiveness and high costs as compared with
pesticides. Augmentation releases achieved target pest
densities in about 15% of case studies, failed in 64%
and were often less effective than pesticide applications
but frequently more expensive. A number of factors
limit the efficacy of augmentation including unfavour-
able environmental conditions, mortality, inadequate
dispersal and predation of released agents (Collier &
Van Steenwyk 2004).
17. CONSERVATION BIOLOGICAL CONTROL
The goal of conservation biological control is to restore
or enhance indigenous populations of beneficial insects
by providing food resources (host prey, pollen and
nectar, alternate prey) and shelter for overwintering.
Habitat management involves vegetation diversifica-
tion at multiple scales (Landis et al. 2005). Use of
insectary plantings or leaving strips of unharvested
plants are examples of in-field strategies, whereas
wildflower borders, grassy buffer strips, windbreaks
and hedgerows are examples of field margin diversifica-
tion techniques. Larger-scale distribution and connec-
tivity of landscape features such as hedgerows, habitat
fragments and riparian vegetation can also impact
levels of biological control as well as provide biodi-
versity conservation benefits.
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Interplanting crops with flowering herbaceous plants
is promoted as a farmscaping technique, since pollen
and nectar are essential to the fecundity and longevity
of several natural enemy species (Jervis et al. 1993;
Idris & Grafius 1995). Chaney (1998) found that sweet
alyssum, Lobularia maritima, had consistently higher
natural enemy to pest ratios than other plants tested.
Natural enemy densities were high and aphid popu-
lations were low within 11 m of the insectary (Collins
et al. 2002), suggesting that alyssum planted every 20th
bed would maintain effective biological control in
lettuce fields. This technique has been adopted by a
number of lettuce growers in coastal California, but
they tend to interplant at smaller intervals (C. Shennan
2004, personal observation). Maintenance of varied
successional stages of perennials may also be import-
ant. For example in California, strip harvested alfalfa
fields retained Lygus hesperus populations in the
unharvested alfalfa where it is not a pest, whereas
completely harvested alfalfa fields caused survivors to
migrate into other crop fields where they did become
pests (Stern et al. 1964).

Planting of multispecies hedgerows along the edges
of farm fields can provide stable habitat and resources
for beneficials while fields are bare, or crops are young,
but there are still many gaps in our knowledge of how
well this vegetation diversification actually enhances
biological control and under what circumstances.
Numerous studies demonstrate increased abundance
and diversity of natural enemy populations in hedge-
rows, for example, but few have identified the extent to
which pests or natural enemies migrate from the
hedgerows into adjacent fields, and even fewer have
attempted to quantify the impacts on biological control
(Letourneau 1998). Biological control may not be
enhanced by hedgerows if the availability of pollen and
nectar is so high within the hedgerows so that natural
enemies do not disperse into adjacent agricultural fields
to feed on crop pests (Bugg et al. 1987); or if the
hedgerow attracts new pests, non-pest prey that natural
enemies prefer over the crop pest; or top predators that
prey on the natural enemies of interest (Pollard 1971;
Bugg & Pickett 1998; Rosenheim et al. 1999; Nicholls
et al. 2001). Natural enemy dispersal ranges, which can
vary from a few metres to over a kilometre for some
parasitoid species (Corbett 1998), will determine the
effectiveness of various habitat patterns at enhancing
biological control. Blackberry and prune trees provide
habitat for alternative hosts of the parasitic wasp,
Anagros epos, which later preys upon the vineyard
leafhopper pest, Erythroneura elegantula (Doutt &
Nakata 1973; Murphy et al. 1998), but connecting
border plantings to in-field floral corridors may
encourage greater natural enemy movement and
biological control in vineyards (Nicholls et al. 2001).
However, even if parasitism rates are increased, it is
unclear whether this leads to meaningful levels of
biocontrol (English-Loeb et al. 2003)

Successful conservation biological control relies
upon matching vegetational scale and pattern to the
movement range of desired natural enemies in relation
to their primary food sources. This requires an
expansion beyond habitat management at the field
level to incorporate larger landscape patterns and
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processes, a still relatively unexplored area. In addition
to the size and distance between habitat patches, we are
beginning to realize the importance of the ‘matrix’
between patches for insect movement (Ricketts et al.
2001). Many species that live in habitat patches also
utilize resources outside the habitat patch, a desirable
attribute for biological control since we want natural
enemies to migrate into agricultural fields. Structurally
complex landscapes have been found to lead to higher
levels of parasitism and lower crop damage (Thies &
Tscharntke 1999; Pullaro et al. 2006); but this is not
always the case even within the same region if
parasitism rates also depend upon the presence of
particular species or plant communities (Menalled
et al. 1999; Landis et al. 2005).
18. MEDIATING NUTRIENT AVAILABILITY
Biotic interactions are also at the heart of nutrient
cycling and important mediators of nutrient avail-
ability. The identification of soil organisms and the
structure and composition of soil food webs has
increased greatly in recent times, as has our ability to
measure fluxes of nutrients as they cycle through
different components of the ecosystem. Unfortunately,
our understanding of the interactions between soil food
web decomposers and patterns of nutrient cycling is
still sparse (Ruess et al. 2002), reflecting the continual
challenge of how to connect population and commu-
nity ecology with fluxes of material and energy (O’Neill
et al. 1986; van Bruggen & Grunwald 1994). For
example, the significance of nematode population and
community dynamics for the mineralization of nitrogen
in the soil has only recently been recognized (Ferris
et al. 2004). A full discussion of soil ecology and
nutrient cycling is beyond the scope of this paper and I
refer the reader to other excellent texts on the topic
(Brussaard & Ferrera-Cerrato 1997; Schlesinger 1997;
Lavelle & Spain 2001; Coleman et al. 2004).

The mutualistic relationship between N-fixing
bacteria and certain plants is a major driver of
ecosystem processes. The most important mutualism
for agriculture is between rhizobium bacteria and
legumes, with legumes providing 25–35% of the
world’s protein (Finan et al. 2002). Limitations on
the amount of biological nitrogen fixation (BNF) in
agriculture are predominantly related to management
and environment, leading some to argue that any
impacts of genetically engineered N-fixing non-legume
plants are likely to be small (Peoples et al. 2002).
Limiting factors for BNF are mainly inadequate
moisture, unfavourable temperature regimes, nutrient
limitations and less than optimal nodulation from lack
of appropriate inocula. Addressing these issues and
expanding legumes into areas where they are not
currently grown could have a large impact on
global BNF and fertilizer use in the future (Peoples
et al. 2002).

Another important mutualism is the relationship
between AMF and plant roots. The ability of AM
associations to suppress soil-borne diseases was dis-
cussed earlier, but they can also affect P and micro-
nutrient uptake (Lekberg & Koide 2005) and increase
plant drought tolerance (Subramanian et al. 2006).
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Most horticultural and crop plants are symbiotic with
AMF, but exploration of how to best utilize this
relationship in crop management is in its infancy
(Plenchette et al. 2005; Gosling et al. 2006). In general,
the beneficial effects of AMF through improved P
nutrition are seen at low-to-moderate soil P levels
(Lekberg & Koide 2005; Plenchette et al. 2005). A
meta-analysis of 290 published studies found that
inoculation with AMF increased root colonization by
29% and that some management practices also
increased colonization such as shortened fallow (by
20%) and reduced soil disturbance (by 7%). Increased
colonization generally raised yields by 23%, whereas a
negative effect of increased colonization on plant
biomass production was found in only 2% of all trials
(Lekberg & Koide 2005). One benefit of rapid
colonization of crop roots with AMF is improved P
uptake early in the season, when P deficiency can be a
problem, but colonization is delayed and the P benefit
lost if the previous crop grown was non-mycorrhizal
(Miller 2000).

The significance of the complex interplay between
plant roots, the substrates they excrete, rhizobacteria,
AMF and nutrient availability in the rhizosphere is
beginning to be appreciated. It is clear that rhizobac-
teria and AMF can have synergistic effects on plant
growth, but the underlying mechanisms are unclear
(Artursson et al. 2006). Mycorrhizal infection is,
however, known to increase N-fixation by rhizobium
bacteria. Further, the presence of plant roots and the
associated rhizosphere can greatly increase the rate of
soil organic matter decomposition (the priming effect)
by more than 300% for some plants during certain
phonological stages (Cheng et al. 2003), and some
rhizosphere bacteria release potassium from insoluble
forms in the soil (Sheng & He 2006). Plants can also
change root structure and physiology in response to
perceived nutrient deficiency, and there is the possi-
bility of breeding plants more capable of secreting
compounds that increase the availability of nutrients in
the rhizophere as well as make them better hosts of
rhizosphere organisms (Rengel & Marschner 2005).
19. WHOLE SYSTEM MANAGEMENT
From the preceding sections, it is evident that
managing diversity and disturbance at multiple spatial
and temporal scales is at the core of using biotic
interactions to provide desired agroecosystem services.
Management approaches such as reduced tillage have
somewhat predictable effects on soil biota; it favours
the more readily disrupted fungal food webs, supports
higher populations of AMF and can increase weed seed
predation. Similarly, increased habitat diversity
generally increases the abundance and diversity of
natural enemies, but in neither case is the effect on crop
production easy to predict. Crop growth and yield
depend upon a complex balance of these and other
interactions that can be species specific, affected by
previous cropping history and highly dependent on
environmental conditions. The design and manage-
ment of this complexity thus require an understanding
of general system behaviour combined with species-
and site-specific knowledge.
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The performance of ecological management could
be improved, if the crop plants themselves are better
adapted to the conditions likely to occur in a reduced
input system. Characteristics such as increased compe-
titiveness to weeds, disease and pest resistance,
enhanced ability to support beneficial rhizosphere
micro-organisms and improved capacity to access soil
nutrients could all potentially benefit crop growth.
However, selecting for such a mix of characteristics
would be difficult and time consuming, so alternative
approaches to plant breeding have been proposed based
upon building diverse composite cross populations that
are then subjected to natural and artificial selections in
varied environments (Phillips & Wolfe 2005). Others
advocate the use of mixtures of cultivars within a field to
improve crop production (Sarandon & Sarandon 1995)
and disease management (Mundt 2002).

It is increasingly possible to design crop rotations to
enhance beneficial biotic interactions. These include
crop rotation and other tactics to enhance the
populations of beneficial rhizobacteria and thus soil
suppressiveness to diseases and nematodes (Welbaum
et al. 2004); maintenance of AM populations by
reduced tillage (Gosling et al. 2006); and suppression
of weed populations by using cover crops in fallows and
designing rotations based on weed life cycle
simulations (Anderson 2004). Nonetheless, more
interdisciplinary, collaborative work will improve our
ability to identify successful integrated weed, disease
and arthropod pest management strategies (Norris &
Kogan 2005). Crop diversification through intercrop-
ping is mostly being researched in the tropics and
subtropics and can be highly productive low input
options for farmers in many countries (Thiaw et al.
1993; Trenbath 1999; Dapaah et al. 2003);
although research is being done in developed countries
(Baumann et al. 2002a), there is little evidence of
adoption by farmers (personal observation). In the past
the same could be said of agroforestry, but interest in
alley cropping and other types of agroforestry is
increasing in the USA and Canada as an option for
marginal land not only to sustain good crop pro-
ductivity and provide organic matter inputs for organic
production but also to increase carbon sequestra-
tion and improve the efficiency of nutrient cycling
(Zinkhan & Mercer 1997; Jordan 2004; Thevathasan &
Gordon 2004). Managing tree crop competition is
critical in agroforestry, especially in alley cropping, and
it has proved challenging to develop systems that work
in low fertility and water limited environments,
prompting the development of predictive tools to help
in the design of agroforestry systems under different
environmental conditions (Kho 2000; Ong et al. 2004).

Agricultural landscapes are important for providing
other benefits beyond food and fibre production, such
as the maintenance of good water and air quality, as
well as the conservation of biodiversity. These attri-
butes are increasingly being scrutinized, and deliberate
efforts through policy interventions are being made to
conserve and enhance these ecosystem services. As
discussed previously, we know that distribution of
habitats and their connectivity across the landscape are
very important for maintaining viable populations of
different organisms, as is the timing and intensity of
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agricultural management. For example, asynchronous
tillage is important for maintaining beetle populations
in arable cropland (Holland et al. 2005), just as
asynchronous flooding is important for sustaining
natural enemy populations in rice fields (Settle et al.
1996). Initial studies also found that creating a mosaic
of crop fields and wetlands in difference successional
stages had great promise as a strategy for improving
waterfowl habitat and sustaining crop production in a
multi-use landscape (Shennan & Bode 2002). Inter-
estingly, maintaining rice fields flooded though the
winter for waterfowl foraging habitat also provided
beneficial agronomic impacts by increasing decom-
position of rice straw and reducing grassy weed biomass
(van Groenigen et al. 2003). Further, numerous studies
have shown the interactive effects of landscape
complexity and the impacts of agricultural manage-
ment practices, with more benign practices (such as
organic farming) having the greatest effects on
increased biodiversity in simple landscapes (Bengtsson
et al. 2005; Tscharntke et al. 2005).
20. MANAGING COMPLEXITY AND UNCERTAINTY
It is, however, pertinent to ask how widespread the use
of ecological management strategies is, but the
question is hard to answer because information on
adoption is sparse. Some practices such as reduced
tillage have increased (D’Emden & Llewellyn 2006), as
has the acreage in organic production. However,
estimates of organic acreage reflect more about which
practices are not being used than those that are, since
certified organic management can vary from simple
input substitution to system diversification and use of
multiple cultural and biological strategies (Guthman
2000). Some studies have tried to get at the use of
ecological practices for pest control through farmer
interviews (Shennan et al. 2001) or by tracking the sales
of biocontrol agents (Fravel 2005; Georgis et al. 2006).
Biocontrol agents still account for less than 1% of total
agrichemical sales (Fravel 2005) and recent pesticide
use reduction in northern Europe is largely attributable
to improved forecasting and pesticide management
(Finch & Collier 2000). From my personal experience,
it can be said that a significant barrier to the wider
adoption of ecological agriculture is increased manage-
ment complexity and perceived higher risk relative to
the continued use of chemical inputs.

Complexity and variability of responses to manage-
ment is a common theme throughout this review.
Current research and extension institutions are not well
suited to deal with complexity. They were developed
based upon a model of mechanistic research leading to
management recommendations that were extended to
different growing regions. This model is most success-
ful when management technologies work across a
broad range of locations and only require minor
adjustments for specific contexts. (Note: management
based on inputs of fertilizers, pesticides and water
attenuates variation in resource availability, whereas
ecologically based approaches need to accommodate
variability.) Indeed, high input agriculture is most
successful where environments are relatively uniform,
well suited for crop production and large areas can be
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planted to similar crops, namely: irrigated rice in the
lowlands of Asia; irrigated rice–wheat in South Asia;
temperate maize-based cropping systems of the North
American plains and the rain-fed wheat systems of
northwest and central Europe (Cassman 1999).
However, extension of the high input model into
more heterogeneous, risk-prone and resource-limited
systems as found in Africa and other areas in the
developing world, has not worked well. This is not only
due to a lack of capital but also to difficulty in
developing broad recommendations for highly hetero-
geneous environments and associated diversity of crops
grown. It is unlikely, therefore, that the same research–
extension model would be effective for more diverse
production systems that rely heavily on ecological
processes rather than chemical inputs.

We face a conundrum: on the one hand to under-
stand mechanisms that drive ecological interactions,
researchers can only study a few variables at a time and
try to control others; but in real farming situations,
multiple variables interact in site-specific ways. On the
other hand, on-farm research encompasses complexity
but is both site- and farmer specific, and has to address
attendant problems of uncontrolled confounding
variables (Drinkwater et al. 1995). Clearly, it is
impossible to research the effects of every combination
of variables, and besides we already know from
theoretical and empirical work that the outcomes of
complex biotic interactions can be unpredictable and
idiosyncratic (O’Neill et al. 1986; Hooper et al. 2005;
Wardle et al. 2005; Thebault & Loreau 2006). This
means that mechanistic research can only take us so far
in the development of ecologically based management
systems, and that adaptive experimentation and
monitoring through farm-based trials are critical.
Further, better monitoring of farmer experimentation
could provide invaluable feedback and information to
identify broad patterns of responses to managment
(figure 1) and contribute to new theory (Deugd et al.
1998). Integrated systems experiments are intermedi-
ately controlled and replicated hybrids with aspects of
mechanistic and on-farm research. A whole system
approach is taken, but researchers are still limited to
testing a few combinations of management strategies
(chosen based on both researchers’ mechanistic and
farmer’s experiential knowledge) and they are rarely
done in multiple locations.

The bulk of the information discussed in this paper
is derived from the first two boxes in figure 1. Synthesis,
communication and adaptive experimentation and
implementation all represent areas where greater
investment of people and resources is needed. Owing
to their inherent complexity, farmers themselves
need to increase their understanding of ecological
processes to better adapt management approaches for
their own situations. This requires a greater emphasis
on researcher/farmer partnerships to conduct field-
based adaptive research and a greater investment in
monitoring system performance as adaptations are
made. Others have also recognized their need for
innovative interdisciplinary partnerships and a shift
from a research–extension–diffusion model to an
interactive social learning process that incorporates
both farmer and researcher knowledge (Barberi 2002;
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Figure 1. A conceptual framework for systems of knowledge generation and information exchange to improve the success and
implementation of ecologically based agricultural systems.
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Roling et al. 2004; Anderson 2005; Cherr et al. 2006;
Hobbs & Hilborn 2006; Warner 2006). Participatory
research integrated with farmer education has more
than 20 years of history in agricultural development,
with some notable success such as IPM use in Asian
rice systems (Matteson 2000). In Cameroon, lack of
adoption of alley cropping led to a study where
researcher-managed trials were compared against
farmer- managed trials. Once farmers began to adapt
the alley crop system, interest increased and the
number of farmers testing the technology rose from
15 to 236 within 6 years (Kanmegne & Degrande
2002). A similar movement towards farmer/researcher
teams has happened in the USA with some success.
Interestingly, in California the greatest success at
adoption of ecological practices has been in perennial
systems (e.g. wine grapes, nut crops), but it has proved
more difficult for annual crops where many growers
lease land rather than own it (Warner 2006).

A current weakness, however, is that little moni-
toring of the performance of systems after they have
been implemented and adapted is being done. This is a
missed opportunity to get important feedback that
could inform theory, research and extension. The
depth of data collection could range from basic
descriptive information to field-based data collection
and experimentation, but if data is collected using
agreed general protocols, it could more easily be used
for meta-analysis and synthesis. Clearly, this would
require a new level of communication and coordi-
nation, but is a task worth undertaking.

The importance of increased synthesis of infor-
mation and its translation into effective communication
tools for different audiences cannot be overstated.
There are a number of ways to approach this. Use of
meta-analysis provide invaluable information on the
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patterns observed across multiple studies (Lekberg &
Koide 2005; Andow 1991b; Connolly et al. 2001) as do
good synthetic review articles (Collier & Van Steenwyk
2004; Hol & Cook 2005; Hooper et al. 2005). These
avenues target the research community, but materials
better suited to farmers, the public and policy makers
are also needed. The Ecological Society of America
recognized this need and now produces a successful
series of publications ranging from the in-depth
‘Ecological Monographs’, to the more populist ‘Issues
in Ecology’ series (http://www.esa.org/publications/).
There is, however, a particular need for improved
avenues of bidirectional communication between (and
among) those involved in farmer-based adaptive
experimentation and institution-based academic
researchers.
21. CONCLUSIONS
Our understanding of biotic interactions taking place in
agroecosystems is growing rapidly, aided by the
integration of ecological methodologies and ecologists
into agricultural research. Important elements of
understanding biotic interactions include the consider-
ation of the effects of diversity, species composition and
food web structure on ecosystem processes; the
impacts of timing, frequency and intensity of disturb-
ance; and the importance of multitrophic interactions.
All of these elements need to be considered at multiple
scales that depend in part on the range of the
movement of the organisms involved. The potential
for a greater use of ecological management approaches
is high; however owing to the nature of ecosystems as
medium number systems, there is some inherent
unpredictability about responses to different manage-
ment interventions that needs to be accommodated in
the development of recommendations for farm

http://www.esa.org/publications/
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management. This requires an increased emphasis on
the effective synthesis of complex and often apparently
contradictory information and a greater emphasis on
field-based adaptive research that includes monitoring
performance as adaptations are made, along with social
learning mediated by farmer/researcher collaborations.
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